Introduction
Members of the tumor necrosis factor (TNF) ligand family mediate signals involved in numerous biological processes including apoptosis, cellular differentiation, host defense, inflammation, autoimmunity and organogenesis. As shown in recent studies, they can affect pathogenesis of several diseases, including cancer, arthritis, septic shock and inflammatory disease [1] [2] [3] . The pro-inflammatory cytokine TNF-α is believed to be an important trigger in TNF-α/NF-κB-signaling pathway. It leads to the activation of the transcription factor NF-κB. NF-κB activity is controlled by signal-induced degradation of inhibitors (IκB-α, -β and -ε) that bind to NF-κB, preventing its nuclear translocation. The signal in the TNF-α/NF-κB pathway is transduced to the IκB kinase complex upon the exposure of cells to TNF-α stimulation, leading to the rapid phosphorylation, ubiquitination and proteolytic degradation of each IκB isoform. This allows NF-κB to translocate to the nucleus and regulate transcription [2, 4] .
Previous studies have functionally characterized the protein components of the TNF-α/NF-κB-signaling pathway by classic molecular biology and cell biology methods [5] [6] [7] . Using mass-spectrometry-based proteomics and SILAC method [8, 9] , it is possible to delineate the global events of a signaling pathway. Several signaling pathways including those of EGF, FGF, Wnt, interferon- alpha, insulin and TGF-β, have been systematically analyzed by this mass-spectrometry-based proteomics method [10] [11] [12] [13] [14] [15] . These studies facilitate functional characterization of protein complexes and signaling pathways, and help to provide a more global understanding of those complicated biological processes.
Of course, the complexity of signaling is caused not only by the involvement of numerous proteins, but also by the dynamic protein behavior in cellular compartment. Many proteins are often observed to dynamically shuttle between cellular compartments, for example NF-κB (nucleocytoplasmic shuttling). These shuttling mechanisms are required for signaling pathways to respond properly to cytokines [16] . The cytokine-induced nuclear import and export of signaling proteins have been shown to be essential in various biological systems [17, 18] . Therefore, the nuclear function of various proteins is critical to TNF-α/NF-κB signaling.
Here, we investigated the dynamic behaviors of nuclear proteins upon stimulation with TNF-α in HEK293 cells by using SILAC in combination with subcellular fractionation and liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis. The obtained results should help improve our understanding of both the temporal and spatial characteristics of the TNF-α/NF-κB signaling pathway.
Results

Figure 1
The flowchart of the quantitative analysis of nuclei-associated proteins upon TNF-α stimulation. HEK293 cells were grown in the light medium substituted with 12 C6-lysine and in the heavy medium substituted with 13 C6-lysine. These cell populations were stimulated with TNF-α for 0 min, 10 min, 20 min or 30 min, and subsequently submitted to subcellular fractionation. Equal amounts of the 'heavy' nuclear fractions were combined as a standard. After the four 'light' nuclear fractions were equally mixed with the standard and digested by trypsin, these samples were analyzed by LC-MS/MS. The SILAC results of the nuclei-associated proteins upon TNF-α stimulation were obtained by analyzing the quantitative information in samples from the four time points. 
Quantitative analysis of nuclei-associated proteins upon TNF-α stimulation
Here, we used SILAC to generate a global and dynamic view of nuclei-associated proteins in TNF-α-dependent signaling. The methodology used is shown in Figure 1 . Briefly, HEK293 cell populations were grown in light medium supplemented with 12 C6-lysine or in heavy medium supplemented with 13 C6-lysine. After the complete incorporation with the light or heavy SILAC amino acids, the cell populations were stimulated with TNF-α for 0 min, 10 min, 20 min or 30 min and were then collected and subjected to subcellular fractionation. Stepwise extraction of cytosolic fraction, organelle/membrane fraction, nuclear fraction and cytoskeletal fraction was performed using the subcellular proteome extraction kit. As expected, Lamin B1 was enriched in the nuclear fraction, while HSP90 showed the contrary pattern (Supplementary information, Figure S1A ).
To validate the response to TNF-α stimulation in our experiments, P65 and IκBα protein levels were analyzed by western blotting (Figure 2A ). P65 was increased in the nucleus and decreased in the cytoplasm upon stimu- The validation of the response to the stimulation with TNF-α by western blotting. P65 was increased in the nucleus and reduced in the cytoplasm upon stimulation. IκBα was reduced upon stimulation. GAPDH, the housekeeping gene, remained almost unchanged under such conditions. (B) The validation of SI-LAC ratios by western blotting. SILAC ratios of individual proteins are indicated. These results were well consistent with the western blotting analysis on these four proteins. Cyto., cytoplasmic fraction; Nu., nuclear fraction; TL., total cell lysates. lation [19] . Further, cytoplasmic IκBα was decreased upon stimulation [4] . GAPDH, the housekeeping protein, remained almost unchanged following TNF-α addition [20] . These results were as expected, indicating that our cell culture model is responsive to TNF-α signaling. Equal amounts of 'heavy' nuclear fractions were combined as a standard. Such a standard can comprise more proteins than each fraction. Therefore, this would enable quantifying more proteins with SILAC results. After equally mixing the four 'light' nuclear fractions with such standards and digesting with trypsin, these samples were subjected to mass spectrometry analysis (see Materials and Methods). In total, 2 718 protein groups (7 567 unique peptides) were characterized in the 0 min fraction, 2 897 protein groups (8 911 unique peptides) in the 10 min fraction, 2 306 protein groups (7 135 unique peptides) in the 20 min fraction and 2 674 protein groups (7 728 unique peptides) in the 30 min fraction (Supplementary information, Table S1 ). In addition, over 70% of these proteins were identified in at least two fractions and 47% in at least three fractions (data not shown). This implied a good level of reproducibility in these assays.
A B As illustrated in Figure 1 , the resulting mass spectrum will show distributions of isotopic ratios between the 'heavy' and 'light' peptide pairs. Therefore, quantitation of the relative changes of the labeled peptides is possible by comparison of their intensities in the mass spectrum. In our study, there were 1 584, 1 464, 1 007 and 1 378 proteins obtained with SILAC results in the 0 min fraction, 10 min fraction, 20 min fraction and 30 min fraction, respectively ( Table 1) .
All identified proteins from our MS analyses (including those with and without SILAC results) were searched against the Swiss-Prot database for subcellular annotations. Among those with annotations, more than 50% were annotated as nuclear proteins (Supplementary information, Figure S1B ). Therefore, our fractionation could be considered as good quality nuclear fractionation [21, 22] .
Preprocessing and validation of the quantitative data
All SILAC results of proteins were normalized using their labeled peptide ratio (Ratio=Total Peptide hits light / Total Peptide hits heavy ) in each fraction (see see Materials and Methods). Supplementary information, Figure S2A shows that these normalized results were more symmetric and normal in holistic approach compared to the raw SILAC results. After normalization, the distribution of the fold changes of all the quantitated proteins displayed an almost symmetrical pattern in all the three fractions ( Figure 3 ). 'Housekeeping' proteins such as Lamin, ribonucleoproteins and nuclear pore complex proteins were found to have fold changes less than 1.28 in our results compared with 0 min time point (Supplementary information, Table S2 ). This indicated the SILAC results could measure changes in protein levels in our study. The relative standard deviation (%SD) of all the proteins in different fractions showed a quantitation precision better than 15% (Supplementary information, Figure  S2B ) [23] . Therefore, 1.5 was chosen as the conservative threshold for a significant ratio change during TNF-α stimulation in the present study. On the basis of this criterion, the number of changed proteins was 235, 130 and 155 during the period between 0-10 min, 10-20 min and 20-30 min, respectively (data not shown). Almost 13% of proteins with SILAC results showed significant changes in our study. This is consistent with previous work [15, 24] .
To further confirm these SILAC results, four proteins were analyzed by western blotting. Upon TNF-α stimulation, the levels of SUMO1 and HDAC1 increased over the 30 min time course. Mini-chromosome maintenance protein 7 (MCM7) showed an immediate decrease at the 10 min point, then it was increased to the almost basal level, whereas MAP4 showed an opposite trend ( Figure  2B ). As shown in Figure 2B , the SILAC results were well consistent with the western blotting analysis on these four proteins. Therefore, our strategy, which combined SILAC and high-resolution mass spectrometry, is a reliable approach to generate a panel of differential proteins during TNF-α/NF-κB signaling.
Temporal profile patterns reveal different categories of TNF-α-regulated proteins in the nucleus
On the basis of the SILAC results obtained by our time course study, the temporal profile patterns of TNF-α-regulated proteins could be obtained after the ratios were transformed to the log scale (base 2). 547 proteins, which showed a fold change of more than 1.5 and had SILAC results in at least three time points, were chosen to generate the TNF-α response temporal profile patterns. On the basis of the K-means clustering, there were nine different profile patterns and the number of proteins in each profile group is 65 (11.90%), 64 (11.72%), 48 (8.79%), 73 (13.37%), 82 (15.02%), 62 (11.36%), 63 (11.54%), 52 (9.52%) and 38 (6.96%), respectively (Figure 4) (Supplementary information, Table S3 ).
These known and unknown effectors were clustered into different groups and showed the distinctive temporal patterns of the TNF-α/NF-κB-response pathway. According to our limited survey, many different proteins associated with the TNF-α/NF-κB-signaling pathway were included in particular profile groups (Table 2) . For examples, Smarca4 of cluster 1, an important component of an NF-κB-associated complex, which can regulate bfl-1 expression [25] , showed an activation profile at the 20 min time point in our results. Histone deacetylase 1 (HDAC1) and histone deacetylase (HDAC2), of cluster 2, have been shown to associate with NF-κB to suppress the expression of NF-κB-regulated genes [26] . As expected, they displayed a significant step-increasing pattern in our experiments. In cluster 3, tumor protein p53 (TP53), a well-known tumor suppressor, showed a temporal pattern of a rapid decrease and an increase afterwards upon TNF-α stimulation. Thus, TP53 levels appear to be inversely associated with NF-κB phospho-p65 [27] [28] [29] . These results demonstrate that TP53 may be a negative effector in early nuclear signaling events following TNF-α addition. Protein kinase CK2, in cluster 4, had been reported to suppress various types of tumor necrosis factor-regulated apoptosis [30] . Accordingly, it displayed a decreased profile upon TNF-α stimulation in our study. RACK1, in cluster 5, which is an essential interaction 1 Protein change was calculated by comparing with zero time point, and then transformed into log scale (base two). 2, 3 These annotations were obtained from Swiss-Prot database. 4 The group of profile patterns was revealed by K-means clustering analysis.
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npg partner of p55 TNF receptor [31] , showed a quick decrease and slow increase profile. The MCM7, of cluster 6, Figure 4 Activation profiles of 547 proteins with a minimum of 1.5-fold change. The 0 min value was used as a basal time point to calculate the protein fold changes in 10 min, 20 min and 30 min. After transformed to the logarithmic scale (base 2), the temporal changed profiles of 547 differentially regulated nuclei-associated proteins were algorithmically subdivided into nine clusters using K-means clustering method. The protein number of each cluster is indicated. were maintained at those levels. This suggests that these proteins may be involved in TNF-α/NF-κB-associated gene transcription. The proteins of cluster 8 include small nuclear ribonucleoprotein D2 [34] , which is required for pre-mRNA splicing and small nuclear ribonucleoprotein biogenesis, displayed rapid decreases at the 20 min time point. In cluster 9, proteins such as Golgi apparatus protein 1 (GLG1), which interacts with p52 upon TNF-α stimulation [35] , were decreased at the 30 min time point in our study.
Another interesting protein included in SILAC profiling was Fanconi anemia group D2 protein (FANCD2). Fanconi anemia (FA) is a genetic disease that affects children and adults from all ethnic backgrounds. It is characterized by skeletal anomalies and increased incidence of solid tumors and leukemia, and cellular sensitivity to DNA-damaging agents such as mitomycin C [36] . Some researchers found that the FA complex might facilitate the recruitment of other proteins to maintain genomic integrity in the nucleus [37] . The mono-ubiquitinated form of FANCD2, as the central FA pathway protein, is essential for triggering the FA pathway [38] . Moreover, there is also evidence that FANCD2 interacts specifically with TNFR [35] . In our study, FANCD2 showed a continuous increase upon TNF-α stimulation ( Figure 5A , Table  3 ). To further confirm the changes of FANCD2, western blotting and immunofluorescence analysis were used. The results from western blotting were consistent with the SILAC analysis ( Figure 5B ). Further, immunofluorescence analysis verified that FANCD2 was increased in the nucleus upon stimulation of TNF-α ( Figure 5C ). These results suggest that FANCD2 is a new nucleieffector of TNF-α/NF-κB signaling. Future studies will help to elucidate the function and mechanism of its translocation. Moreover, this suggests that there might be crosstalk between the TNF-α/NF-κB and the FA pathways. Therefore, with the strategy used in this study, not only can known effectors of TNF-α/NF-κB signaling be identified, quantified and sorted, but also new potential effectors can be obtained and annotated according to their temporal nuclear profiles.
Functional analysis on the basis of profile patterns
The differential proteins, with quantitative information in at least three fractions, were also analyzed with Gene Ontology database to examine the preponderance of molecular functions (http://www.ebi.ac.uk/GOA/). Proteins with annotations such as transporter activity (62, 27%), structural molecule activity (49, 22%), transcription regulator activity (46, 21%) and signal transducer activity (28, 13%) were enriched ( Figure 6A ). In total, 26 proteins were annotated as transcription factor or TF- Nu.
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Untreated TNF-α which played a key role in DNA replication licensing [32] , displayed immediate increase at the 10 min time point, and then was decreased to the basal level. The proteins of cluster 7, such as general transcription factor II (GTFII-I), which plays roles in transcription and signal transduction [33] , were increased at the 10 min time point and then
www.cell-research.com | Cell Research Table  S4 ). Only six of them showed decreasing levels at the 10 min point upon TNF-α stimulation. This suggests that most of these transcription factors were accumulating in the nucleus in response to TNF-α signaling. These regulated proteins may therefore represent TNF-α/ NF-κB-signaling effectors.
Further analysis via K-means clustering of enrichments of KEGG pathways in each profile pattern was adopted to reflect the correlation between the particular profile pattern and the KEGG annotation. Briefly, proteins with a fold change of less than 1.5 upon TNF-α stimulation were selected as the 'tenth cluster'. They likely play non-significant roles in TNF-α/ NF-κB signaling. Proteins of all the nine clusters of temporal profile patterns and the 'tenth cluster' were assigned to 121 pathways by KEGG annotation. Sixty-seven KEGG pathways that had at least three proteins quantified in our study were then used to analyze particular functions represented in each of the profiles. The KEGG pathway enrichments of different profiles were shown via K-means clustering after being normalized and transformed to log scale ( Figure 6B) (see method) .
The main pathways in cluster 10 were folate biosynthesis, citrate cycle and fatty acid metabolism pathways according to the KEGG annotation. The enrichments of these metabolism pathways were consistent with the character of the fold change of less than 1.5 upon TNF-α stimulation. It verified that the tenth (control) group of proteins were likely not involved in TNF-α/ NF-κB signaling.
Clusters 1 and 2 were classified into the same group according to their KEGG pathway annotations. It is very interesting to note that they had similar quantitative profiles. Proteins in these groups demonstrated increased levels at the 20 or 30 min time points. Calcium signaling, urea cycle and metabolism of amino groups pathways were all over-represented in these groups. For example, Cullin-1 of cluster 1 with the KEGG annotation of calcium-signaling pathway has been reported to play roles in TNF-α/ NF-κB signaling [39, 40] . Figure 6 Functional analysis on the basis of the profiles patterns. (A) Functional annotation using the Gene Ontology Annotation Database. These proteins, with quantitative information in at least three fractions, were analyzed using the Gene Ontology Annotation Database. GO annotation was retrived for 224 of 547 proteins. Molecular function annotation included transporter activity (62, 27%), structural molecule activity (49, 22%), transcription regulator activity (46, 21%) and signal transducer activity (28, 13%). (B) Functional classification using the KEGG pathways annotation. Proteins of each cluster were assigned their biological/metabolic annotation using the KEGG pathways database. Sixty-seven KEGG pathways that had at least three proteins quantified in our study were then used to analyze these protein profiles. This revealed the enrichment of the KEGG pathway related to each profile pattern after calculating, normalizing, transforming to log scale and clustering. These results showed that the profiles with similar pattern were enriched for proteins with similar functions. The horizontal axis shows the different profiles. The longitudinal axis represents the different KEGG pathway. The color reflects the enrichment levels of all these KEGG pathways. Enrichment levels greater than the mean are shaded in red and those below the mean are shaded in green. A similar grouping could be drawn for clusters 4 and 5. They showed decreased levels at the early time point, with antigen processing and presentation, oxidative phosphorylation and pentose phosphate pathways being enriched. For example, HSPA8 with the annotation of antigen processing and presentation, the isoform 1 of heat shock cognate 71-kDa protein, is able to translocate rapidly between the cytoplasm and the nucleus. Interestingly, it has been shown that HSP70 members may have a role in regulating TNF signaling by binding to silencer of death domain, a cofactor of TNFR1 [41] . Oxidative phosphorylation and pentose phosphate pathways are also enriched in clusters 4 and 5, suggesting that they may be linked to TNF-α/NF-κB signaling. Interestingly, a resent finding suggests that NF-κB plays an important role in angiotensin II/ROS-induced skeletal muscle insulin resistance in an NAD(P)H oxidase-dependent manner [42] .
Clusters 3 and 6 both showed a profile pattern of rapid and brief change. Some pathways, including ubiquitinmediated proteolysis, which allows NF-κB to translocate to the nucleus and regulate transcription [43] , and Huntington's disease pathway reported to be related to TNF-α signaling [44] , were enriched in these two clusters.
For cluster 3 alone, some signaling pathways, including MAPK, Wnt and TGF-β signaling pathways, were enriched. These pathways had high physical connections with the TNF-α-signaling pathway [43] [44] [45] . Taken together, these results show that the profiles with similar patterns were enriched for proteins with similar functions. This indicates intrinsic correlations between the quantitative profile patterns and protein functions.
Biological network of quantified proteins according to the TNF-α/NF-κB signaling pathway
To further investigate the function of quantified proteins, all proteins with SILAC results in at least three time points were searched in the Human Protein Reference Database (HPRD) (see Method). The results are shown in Figure 7 . In total, 35 proteins were matched in the known TNF-α/NF-κB-signaling network, of which 23 proteins had a change of more than 1.5-fold. Furthermore, we compared the quantitative patterns with the physical locations of these proteins in the signaling network. The four most prominent examples were HDAC1 and HDAC2; GTF21, POLR1A and LRPPRC; SKP1A and KPNA2; YWHAE and YWHAZ, which showed that RPS13   RPL30   RPL6   RPL4   MAP3K14   HSP90AB1   GTF21   GLG1   DDX3   TRAF5   RPS11   RPL8   TRAF2   FADD   STAT1   TRADD  TRAF1  TRAIP  CYLD   HSP90AA1   CDC37   MAP3K3   IKBKE   ALPL   TRAF3   TNFRSF1B   CAV1   TRPC4AP   TANK   FLNA   PKN1   PEG3   RIPK3   T2BP   CASP8   CASP10   TNFRSF11A   TNFRSF8   CASP8AP2   DAP   PTK2   GNB2L1   TNFRSF1A   BIRC2   BIRC3   FANCD2   TNF   NSMAF   BAG4   TAB3   MAP3K71P2  MAP3K71P1  NR2C2  FKBP5   MAP3K1   UBE21   PEBP1   ASE1   PRAF1  RASAL2  POLR2L  POLRY2H  POLR1D  POLR1B proteins with similar physical locations in the TNF-α/ NF-κB network had the same temporal profile patterns. The SWI/SNF-related matrix-associated actin-dependent regulator chromatin (SMARC) family proteins had different temporal profile patterns upon TNF-α induction. It has been reported that these proteins might be involved in the regulation of a cell death inhibitor upon NF-κB -activating stimuli [25] . Therefore, each of them might have distinct functions in the TNF-α/NF-κB-signaling pathway.
Discussion
In this study, a strategy combining quantitative proteomics, subcellular fractionation and time-course analysis, was developed to delineate the temporal and spatial activation profiles of the TNF-α-signaling pathway. SI-LAC strategy in combination with high-resolution mass spectrometry had been proved to be a powerful method to generate a panel of differential proteins [23] . Subcellular fractionation provides an attractive method for protein separation. This method has the advantage of reducing the complexity of the samples, and could also help gain proteomics information for analysis of components and functions of different subcellular structures [46] [47] [48] . On the basis of time-course analysis, dynamic changes in protein levels can be obtained. In this study, the temporal and spatial profile patterns of 547 nuclei-associated TNF-α-regulated proteins were delineated. Moreover, many previously unknown effectors of TNF-α/NF-κB signaling were identified, quantitated and sorted into differential activation profiles.
Subcellular distribution analysis of cellular proteins is one of the major tasks of proteomics. Furthermore, protein nucleocytoplasmic shuttling is often a key regulator of different cellular processes. These shuttling behaviors help to compartmentalize specific protein functions to different organelles in response to cytokines [16] . The cytokine-induced nuclear import and export of signaling proteins have been shown to be essential in various biological systems [17, 18] . In this study, we investigated the early dynamic changes of nuclei-associated proteins following TNF-α signaling and provided a dynamic and global view of such changes. Moreover, spatial changes in protein localization following signal transduction can be measured by our method, as shown here for FANCD2. By employing such a combined strategy, we can not only measure the levels of signaling-associated proteins by quantitative proteomics, but also delineate the dynamic spatial changes of them. Further work analyzing additional subcellular fractions (nucleus, cytosol, mitochondria, membrane, golgi, ER and so on) may help obtain a more complete and dynamic readout of proteome changes in response to TNF-α signaling.
Signal transduction is a key field of study in modern biological research. Although large-scale high-throughput experimental techniques have greatly increased our knowledge of signal transduction pathways [10] [11] [12] [13] [14] [15] , our understanding of the signaling process is nevertheless incomplete. Our study here represents the thus far largestscale, dynamic and systematic analysis of TNF-α/NF-κB signaling.
Materials and Methods
Chemicals and regents
Stable isotope-containing amino acids 13 C6-lysine and 12 C6-lysine were purchased from Cambridge Isotope Labs (Andover, MA, USA). The RPMI1640 medium deficient in L-lysine was a custom medium preparation from Chemicon (Temecula, CA, USA). ProteoExtract TM subcellular proteome extraction kit was purchased from Merck (Darmstadt, Germany). Antibodies were obtained from Santa Cruz Biotechnology. Sequencing Grade Modified Trypsin was obtained from Promega (Madison, WI, USA). ACN for high-performance liquid chromatography (HPLC) grade was obtained from Fisher (Fair Lawn, NJ, USA). Other chemicals employed were purchased from Sigma (St Louis, MO, USA).
Stable isotope labeling with amino acids in cell culture
HEK293 cells were cultured in RPMI1640 medium containing 12 C6-lysine ('light') or 13 C6-lysine ('heavy') supplemented with 10% dialyzed fetal bovine serum plus antibiotics [15] . A detailed protocol is available at http://www.silac.org. Briefly, HEK293 cells were adapted to grow in the isotope-containing media supplemented with dialyzed serum and maintained for six passages to ensure a complete replacement, prior to the addition of ligand. The labeled cells were stimulated with 20 ng/ml TNF-α for 10 min, 20 min or 30 min. The unstimulated cells were considered as the zero time point.
Subcellular fractionation
Treated and untreated cells were immediately harvested, and subcellular components were separated by ProteoExtract TM subcellular proteome extraction kit (Calbiochem, Merck, Germany). According to the protocol supplied in the kit, the nuclear, cytosolic, organelle/membrane and cytoskeletal fraction were obtained.
Protein preparation and trypsin digestion
Nuclear fractions were dialyzed, lyophilized and resolubilized in a reducing solution (6 M urea, 4%CHAPS, 65 mM DTT and 40 mM Tris) [49] . Protein quantitation was performed using the Bradford protein assay, and equal amounts of protein in the four 'heavy' fractions were mixed as a standard. The four 'light' fractions and such a standard were mixed at a protein concentration ratio of 1:1. These protein mixtures were subsequently digested by trypsin [49] .
Western blotting procedures
After SDS-PAGE separation, proteins were transferred to nitro- cellulose membranes. The membrane was first blocked with Net Gelatin (150 mM NaCl, 5 mM EDTA, 50 mM pH 7.5, 0.05% Triton X-100 and 0.25% Gelatin) and then incubated with appropriate primary and HRP-conjugated secondary antibodies. Antibody labeling was visualized using ECL reagent (Pierce) according to the manufacturer's instructions. Image analysis of immunoblots was performed using QuantityOne software (Bio-Rad).
Immunofluorescence analysis
HEK293 cells grown on glass coverslips were either treated with TNF-α for 30 min or untreated, and then fixed in 4% paraformaldehyde for 20 min. Fixed cells were incubated with blocking buffer and then immunofluorescent staining was performed with appropriate primary and secondary antibodies. Images were taken using Leica DM RE confocal microscopy.
Continuous pH elution SCX-RP-LC-MS/MS analysis
A surveyor liquid chromatography system (Thermo Finnigan, San Jose, CA, USA) consisting of a degasser, 2 MS Pumps and an autosampler were used. The separation conditions and columns utilized were: (1) a SCX column (320 µm × 100 mm, Column Technology Inc., CA, USA); (2) two C18 trap columns (RP, 300 µm × 5 mm, Agilent Technologies, USA); (3) an analytical C18 column (RP, 75 µm × 150 mm, Column Technology Inc.) and (4) 15 µm (internal diameter) non-coated SilicaTip TM PicoTip TM nanospray emitter (New Objective, Woburn, MA, USA). We applied a pH-dependent elution system for peptide mixture separation using strong cation exchange HPLC. The solvents used were A (pH 2.5) and B (pH 8.5). The pH gradient buffer was obtained from Column Technology, Inc.).
Three hundred micrograms of the peptide mixtures were dissolved in 80 µl of pH 2.5 buffer A, and then loaded onto the SCX column at a flow rate of 3 µl/min after the split. A continuous pH gradient was constituted of a mixture of buffer A (pH 2.5) and buffer B (pH 8.5). The final gradient was maintained as 100% buffer B (pH 8.5) and, in total, ten fractions were obtained. The C18 trap columns were used to bind peptides eluted from SCX by pH gradient. When a reverse-phase gradient was run in trap column 1, peptides eluted from the SCX column by the following pH gradient were loaded onto trap column 2 and vice versa [50] .
The solvents for reverse-phased HPLC were 0.1% formic acid (v/v) aqueous (A) and 0.1% formic acid (v/v) acetonitrile (B). The entire RP gradient run was from 0% to 35% of mobile phase B in 165 min. The flow rate was 140 μl/min before the splitting and 250 nl/min after the splitting. The whole chromatography process was fully automated.
A linear ion trap/Orbitrap (LTQ-Orbitrap) hybrid mass spectrometer (Thermo Finnigan) equipped with an NSI nanospray source was operated in data-dependent mode to automatically switch between MS and MS/MS acquisition with an ion transfer capillary of 200 ºC and NSI voltage of 1.85 kv. Normalized collision energy was 35.0. The mass spectrometer was set so that one full MS scan was acquired in the Orbitrap parallel to (or following) 10 MS2 scans in the linear ion trap on the 10 most intense ions from the full MS spectrum with the following Dynamic Exclusion TM settings: repeat count was 2, repeat duration was 30 s, exclusion duration was 90 s. The resolving power of the Orbitrap mass analyzer was set at 100 000 (m/Dm 50% at m/z 400) for the precursor ion scans.
Database search and quantitative analysis
All the dta files were created using Bioworks 3.2, and they were automatically searched against the IPI human database (ipi. HUMAN.v3.28.REVERSED.fasta) using the TurboSEQUEST program. One missing trypsin cleavage site was allowed [51] . Carbamidomethylation was searched as a fixed modification and isotope-labeled lysine (+6.00 Da) was allowed as a variable modification [15] . All output results were combined using an in-house software named BuildSummary with the 0.01 FPR (False-Positive Rate) filter [52] . To eliminate redundancy, the proteins were classified to a protein group if the same peptides were assigned to multiple proteins after false peptides were filtered. For the quantitative analysis, only those lysine-containing peptides that can be assigned to single protein groups were sent to an in-house SysQuant program.
Preprocessing of the quantitation data and K-means clustering
Due to the systematic error of the Bradford protein assay, it could be necessary to normalize the SILAC results. By using the labeled peptide ratio (Ratio=Total Peptide hits light /Total Peptide hits heavy ) in each fraction, the bias of such quantitation was reduced. After preprocessing, K-means clustering approach was employed to analyze the differential expression [53] . Before the clustering analysis, protein ratios were transformed to the log scale (base 2), which would convert the distribution of relative abundance values for all quantitative proteins into a more symmetric and almost normal pattern [54] . We selected the protein groups that had a 1.5-fold change and had quantitative information in at least three fractions. And from each protein group only one representative protein was selected. The number of clusters was set as nine to classify the data set after tested. The Cluster 3.0 freeware software package was used (http://bonsai.ims.u-tokyo.ac.jp/~mdehoon/software/cluster/ software.htm). Repeated (10-100) K-means clustering of proteins was based on Pearson correlation coefficient of their expression profiles (ratios in three time points). The prototype (mean profile) was then plotted using a python 2D plotting library-Matplotlib (http://matplotlib.sourceforge.net/) [15] . The clustered data profiles were visualized in pseudocolor heat map format using the TreeView software package (http://jtreeview.sourceforge.net).
Function analysis of all the clusters according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
Proteins with a fold change of less than 1.5 upon TNF-α stimulation in the present study were selected as the 'tenth cluster'. Proteins of all the nine clusters according to the temporal profile pattern and the 'tenth cluster' were searched against KEGG database [55] . This was used to assign biological/metabolic annotation. All the ten clusters were annotated with protein numbers in different KEGG pathways. The KEGG pathway enrichments of different profiles were demonstrated after calculating, normalizing, transforming to log scale and clustering. The method for the normalization and clustering was similar to preprocessing of the quantitation data and K-means clustering.
Network modeling on the basis of Human Protein Reference Database
The TNF-α signaling pathway networks were obtained from HPRD (http://www.hprd.org/). The signaling networks were visualized by using Cytoscape [56] .
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